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To explore the roles of specific domains of sarcomeric a-actinin (s-a-actinin) in the assembly and maintenance of striated
myofibrils, myogenic cultures were transfected with four MYC-tagged s-a-actinin peptides. They were: (1) full-length
sarcomeric a-actinin, (2) an N-terminal deletion that removed the actin-binding site only (MYC/A2), (3) a peptide that
consisted of the actin-binding site only (MYC/A1), and (4) an N-terminal deletion that removed the EF-hands and
titin-binding domains (MYC/EFT2). While cytotoxic in replicating myogenic cells, as they were in PtK2 cells, the four MYC
peptides were not cytotoxic in postmitotic myotubes. In myotubes each of the four different MYC peptides were promptly
and selectively incorporated into normal Z bands. The incorporation of MYC/A2, MYC/A1, and MYC/EFT2 into Z bands
suggests that (a) the actin-binding site, (b) the spectrin-repeats believed to be responsible for anti-parallel dimerization, and
(c) the C-terminal EF-hands and titin-binding domains are each dispensable for targeting s-a-actinin/MYC peptides into Z
bands. These findings could not have been predicted from the behavior of a-actinin (a) in binding assays in cell-free systems
or (b) when expressed in transfected nonmuscle cells. © 1998 Academic Press
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INTRODUCTION
Currently there is a rough consensus regarding the molecu-
lar composition and spatial arrangements of the myofibrillar
proteins constituting the I-Z-I brushes (Huxley, 1963) in
mature striated myofibrils (SMFs). Each I-Z-I brush consists of
a narrow ;100-nm-wide Z band into which polarized thin
filaments 1.0 mm long insert by their barbed ends (Ishikawa et
al., 1969). The integral Z-band proteins consist of sarcomeric
a-actinin (s-a-actinin), the N-terminal of titin, the C-terminal
of nebulin, and sarcomeric a-actin (s-a-actin), arranged in a
square lattice configuration. Additional components, such as
PIP2, are also present in Z bands (Fukami et al., 1992). This
overview of mature I-Z-I brushes is based on three types of
observations: (1) ultrastructural analysis of intact and differ-
entially extracted adult SMFs (Goldstein et al., 1979; Yama-
gouchi et al., 1985; Wang and Wright, 1988; Funatsu et al.,
1993; Schroeter et al., 1996), (2) negatively stained and immu-
noelectron microscopic studies, particularly of the in situ
localization of antibodies to site-specific titin and nebulin
epitopes (Wang et al., 1984; Maruyama et al., 1985; Fu¨rst et
al., 1988; Wright et al., 1993; Gautel et al., 1996), and (3)
conformational changes and binding studies in cell-free sys-
tems between domains of the integral Z-band proteins with
each other and with different thin-filament proteins (Nave
and Weber, 1990; Jin and Wang, 1991; Sebestyen et al., 1995;
Wang et al., 1996; Pfuhl et al., 1996; Ohtsuka et al., 1997;
Sorimachi et al., 1997).
In contrast, little is known of when or how during
myofibrillogenesis the I-Z-I brushes are assembled. EM and
cytoimmunochemical studies have demonstrated that s-a-
actinin, titin, nebulin, and s-a-actin can be detected in mostZ. Lin and T. Hijikata contributed equally to this work.
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6- to 10-h newborn, postmitotic mononucleated avian myo-
blasts and that in most 15-h myoblasts the four integral
Z-band proteins have actually interacted, forming precursor
structures termed I-Z-I bodies (Hill et al., 1986; Lin et al.,
1994; Holtzer et al., 1997). In EM sections precursor I-Z-I
bodies appear as unstructured, electron-opaque, irregularly
shaped aggregates 0.2–0.8 mm in size. Generally linearly
aligned, these transient, relatively sizable, amorphous pre-
cursors costain with antibodies to s-a-actinin, titin, nebu-
lin, and s-a-actin. As the precursor I-Z-I bodies transform
into the definitive I-Z-I brushes, the integral Z-band pro-
teins undergo a striking condensation and rearrangement to
form the narrow ;100-nm-wide bands with the square
lattice configuration characteristic of mature Z bands (Mor-
ris et al., 1990; Schroeter et al., 1995; also our unpublished
observations). In retrospect, earlier immunofluorescence
and microinjection experiments with fluorescently labeled
a-actinin isoforms (McKenna et al., 1986) can now be
interpreted as demonstrating that when the first mature
SMFs appear, the ;100-nm-wide Z bands in the nascent
I-Z-I brushes are similar in overall structure to their coun-
terparts in adult muscle fibers (Schultheiss et al., 1990;
Handel et al., 1991; Lu et al., 1992; Lin et al., 1994).
In addition to its central role in the assembly of periodic
Z bands in muscle cells, a-actinin is assumed to play an
analogous role in the assembly of periodic dense bodies
(Burridge et al., 1988) in nonmuscle cells. To probe these
respective roles we constructed a full-length and three
truncated s-a-actinin cDNAs, each tagged with a MYC
epitope. We anticipated that the expression of some of these
MYC peptides would act as dominant negatives and selec-
tively interfere with the assembly of (a) dense bodies in
stress fibers in PtK2 cells and (b) Z bands in maturing
myofibrils in myotubes. Schultheiss et al. (1992) and Hi-
jikata et al. (1997) reported that in PtK2 cells both the
full-length s-a-actinin MYC (MYC/FL) and the truncated
s-a-actinin/MYC lacking both the EF-hands and the titin-
binding site (MYC/EFT2) were selectively incorporated
into dense bodies at first, but then acted as dominant
negatives and disassembled the stress fibers. Both MYC
peptides were cytotoxic and killed the PtK2 cells 72–96 h
posttransfection. In contrast, although the MYC peptides
lacking the actin-binding site (MYC/A2) and those consist-
ing of only the actin-binding site (MYC/A1) were also
dominant negatives and cytotoxic, their intracellular local-
izations differed. MYC/A2 was not incorporated into any
stress fiber structure in PtK2 cells, but accumulated dif-
fusely throughout the cytoplasm. MYC/A1, on the other
hand, was not differentially incorporated into dense bodies
but aggregated continuously along the length of the F-actin-
containing stress fibers. The respective localizations of the
four MYC peptides in PtK2 cells—particularly those of
MYC/A2 and MYC/A1—were consistent with deductions
from binding studies in cell-free systems and confirmed the
critical roles of both the actin-binding site and the spectrin-
like repeats in the differential targeting of nascent dimer-
ized a-actinin isoforms to the periodic dense bodies in
nonmuscle cells (Mimura and Asano, 1987; Jackson et al.,
1989; Blanchard et al., 1989; Waites et al., 1992).
This report focuses on the behavior of the four s-a-
actinin/MYC peptides in myotubes assembling SMFs con-
sisting of definitive I-Z-I brushes interdigitating with 1.6-
mm-long bipolar thick filaments. Given our findings with
PtK2 cells (Schultheiss et al., 1992; Hijikata et al., 1997), we
anticipated that (a) in general the MYC peptides in myo-
tubes would function as dominant negatives, disassembling
nascent myofibrils, and (b) the expressed MYC peptides,
particularly MYC/A2 and MYC/A1, would confirm the
central roles of the actin-binding site and spectrin-like
repeats in the targeting to the Z bands. Contrary to our
expectations, the four MYC peptides were not cytotoxic in
myotubes, as they were in PtK2 cells, and all four were
selectively incorporated into nascent Z bands, thus demon-
strating that in myotubes targeting of the s-a-actinin/MYC
peptides to Z bands does not require (a) the actin-binding
site, (b) the spectrin-like repeats, or (c) the C-terminal
EF-hands and titin-binding domain. Moreover, while MYC/
EFT2 acted as a dominant negative with respect to newly
assembled myofibrils, MYC/FL, MYC/A2, and MYC/A1
did not.
MATERIALS AND METHODS
Antibodies
The findings in this report rely heavily on the double-staining of
primary myogenic cultures with MAb and polyclonal antibodies to
a variety of myofibrillar proteins. Accordingly, all antibodies have
been screened for their specificity by immunocytochemistry on
fixed mature myotubes and cardiomyocytes in day 7–8 cultures
(Holtzer et al., 1998), as well as on Western blots of total extracts
from such cultures. The cultures were double-stained with combi-
nations of the following antibodies. (A) To detect the localization of
the expressed MYC-tagged peptides we used either a MAb (9E10)
against the MYC epitope (a generous gift from Dr. S. Monroe, MRC,
Cambridge, England) or a rabbit polyclonal purchased from MBL
Laboratories (Watertown, ME). Both antibodies bind specifically to
the MYC epitope and do not recognize any protein from PtK2 cells
or avian fibroblasts, smooth muscle, skeletal, or cardiac muscle
cells (Hijikata et al., 1997). (B) Troponin-I was localized with an
affinity-purified rabbit polyclonal antibody. This antibody binds to
troponin-I in immunoblots at a concentration of 1:3000, but not to
troponin-C or -T. It was a generous gift from Dr. S. Hitchcock-
Gregori (School of Medicine and Dentistry, Piscataway, NJ). (C)
a-actin was localized with 2 MAbs, one against skeletal a-actin
(s-a-actin; 5C5), purchased from Sigma (St. Louis, MO), the other
against cardiac a-actin (c-a-actin; Acl-20.4.2), purchased from
American Research Products, Inc. (Belmont, MA). (D) An affinity-
purified rabbit anti-tropomyosin was purchased from Organon
Teknika Co. (Durham, NC). This antibody precisely costains I
bands in a manner indistinguishable from the staining with anti-
bodies against s-a-actin and c-a-actin. (E) To localize the epitopes
to titin we used MAbs to T11, T12, and T20. The former binds
close to the A–I junction, the latter to an epitope at the N-terminal
buried in the Z band (Fu¨rst et al., 1988). MAbs to titin T12 and T20
were generous gifts from Dr. K. Weber (Max Planck Institute,
Go¨ttingen, Germany). T11 was purchased from Sigma (St. Louis,
MO). (F) Nebulin was localized with a MAb (NB2) purchased from
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Sigma. (G) The MAb to myomesin (Cp-13), a generous gift from Dr.
H. Eppenburger (FTH, Zurich, Switzerland), is specific to myome-
sin and stains only M bands in striated muscles (Lin et al., 1994).
(H) Myosin heavy chains were followed with a MAb (F59, a
generous gift from Dr. F. Stockdale, Stanford University, CA.) and
a rabbit polyclonal (Organon Teknika Co., Durham, NC). Both
specifically stain A bands in skeletal and cardiac myofibrils (Schul-
theiss et al., 1990; Lu et al., 1992).
Cell Culture and Immunofluorescence Staining
and Microscopy
Skeletal myoblasts were obtained from day 11 chick embryonic
pectoral muscle as previously described (Lin et al., 1987) and plated
onto collagen-coated Aclar coverslips (Pro-Plastics, Linden, NJ) at
an initial density of 4.5 3 105 cells per 35-mm culture dish.
Observations were made on day 3–14 cultures.
For immunofluorescence microscopy, cultures were rinsed with
PBS and fixed with 2% formaldehyde in PBS for 3 min at room
temperature. They were then permeabilized with 0.5% Triton
X-100 (Sigma Chemical Co.) in PBS for 30 min. This PBS–Triton
solution was also used for all subsequent antibody washing steps.
For staining with MAb 5C5, cells were fixed for 3 min in 2%
formaldehyde and then for 5 min in cold (220°C) methanol. All
primary antibodies were used at an appropriate dilution for 1 h at
37°C and washed three times for 10 min each. All secondary
antibodies (Jackson ImmunoResearch Laboratories, West Grove,
PA) were affinity-purified and tagged with rhodamine, Texas red, or
fluorescein and used at a 1:80 dilution. Some dishes were stained
with Rho-phalloidin (3.3 mM; Molecular Probes, Inc., Eugene, OR)
which was used at 1:100 in 1 ml of PBS for 20 min. The problem of
bleed through in the fluorescence microscope was minimized by
running duplicate series. In one series, each of the two primary
antibodies was stained with either a rhodamine- or a fluorescein-
conjugated secondary antibody. In the second series, the same
primary antibodies were stained in the opposite fashion. Thus each
antigen was localized by the use of fluorescein- and rhodamine-
conjugated secondary antibodies. The nuclear dye, DAPI (4,6-
diamidino-2-phenylindole dihydrochloride; Polysciences, War-
rington, PA), was used at 2 mg/ml in 0.9% NaCl for 5 min.
Specimens were mounted in 60% glycerol in PBS containing 2.5%
DABCO (1,4-diazabicyclo[2,2,2]octane; Sigma Chemical Co.). Cells
were examined with epifluorescence microscopes (either Carl Zeiss
or Leica DM Model IRB), using filter sets which were selective for
rhodamine, fluorescein, or DAPI. Photographs were taken with
either 633 1.4 or 1003 1.3 oil immersion objectives and with 400
ASA film (T-max; Eastman Kodak Co., Rochester, NY).
A laser scanning confocal microscope (Model MRC 600; Bio-Rad
Laboratories, Cambridge, MA) was used for optical sectioning of
double-stained cultured myotubes. Double-staining was done with
fluorescein and either rhodamine- or Texas red-conjugated second-
aries or fluorescein-conjugated secondaries and rhodamine phalloi-
din. Efficient separation of the various fluorochromes between the
two channels was achieved with the use of the 476- and 568-nm
lines from a krypton laser and a set of filters (Chroma Technology,
Inc., Brattleboro, VT) stringently designed for this purpose. Scan-
ning was done with an Olympus 403 planapo lens having a
numerical aperture of 1.4. This gives an optimal resolution (full
width at half-maximal of the point spread function) in the z axis of
0.7 mm, using a closed pinhole in each channel of detection.
However, sections were acquired with the pinhole one-eighth to
one-fourth open; thus optical sections are slightly thicker than 0.7
mm in the z axis. Serial sections were collected using a stepping
motor. Final images are projections of 8–10 serial sections and
color-coded. In addition, some observations were made using a
Chroma Technology triple bandpass filter, which allowed simulta-
neous detection of both Texas red and fluorescein.
It is difficult to make reliable and reproducible measurements
under the fluorescence microscope. Z bands which measure ;100 nm
in width in electron microscopic sections measure 0.3–0.4 mm in the
fluorescence microscope after staining with anti-s-a-actinin (Schul-
theiss et al., 1990). Nascent A bands, consisting of aligned 1.6-mm-
long bipolar thick filaments in EM sections, appear to be longer after
staining with anti-MHC. To avoid confusion in the text, the size of
fluorescent A bands was taken as 1.6 mm long, and all other fluores-
cent objects were calibrated with respect to the A bands.
Electron Microscopy
For thin-section EM, chick embryo skeletal muscle cells were
cultured on collagen-coated Aclar coverslips. Day 4–14 cultures
with or without transfection were fixed with 3% glutaraldehyde in
0.1 M sodium cacodylate buffer, pH 7.2, overnight at room tem-
perature, rinsed with 10% sucrose in the same buffer, and then
postfixed for 1 h in cold OsO4 in the same buffer. After being
stained en bloc with 0.5% aqueous uranyl acetate for 2 h at room
temperature, specimens were dehydrated in graded concentrations
of ethanol and embedded in Epon 812. Thin sections were stained
with uranyl acetate and lead citrate and examined with an electron
microscope (Type H-800; Hitachi Ltd., Tokyo, Japan) at an accel-
erating voltage of 100 kV.
Plasmids
The construction of the four MYC-tagged s-a-actinin cDNAs
and their introduction into the vector pRc/RSV have been de-
scribed in Schultheiss et al. (1992) and Hijikata et al. (1997). The
four s-a-actinin/MYC vectors are illustrated in Fig. 1. They are: (1)
full-length s-a-actinin/MYC (MYC/FL), (2) minus both the EF-hand
Ca21 motifs and the titin-binding sites (MYC/EFT2), (3) primarily
the actin-binding site only (MYC/A1), and (4) minus the actin-
FIG. 1. Representations of the four s-a-actinin/MYC constructs.
MYC/FL is the full-length s-a-actinin/MYC. MYC/EFT2 lacks both
the EF-hands Ca21 and titin-binding domains (aa 730–897). MYC/A1,
or primarily the actin-binding site only, lacks aa 228–897. MYC/A2,
or minus actin-binding site, lacks aa 33–227. The individual func-
tional domains were mapped on the basis of the data in Blanchard et
al. (1989), Hemmings et al. (1992), and Sorimachi et al. (1997).
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binding site (MYC/A2). The authentic 59 UTRs were removed in
MYC/FL or MYC/A2, but there are 79 bp of the authentic 39 UTRs
following the stop codons. MYC/EFT2 and MYC/A1 lack both the
authentic 59 and 39 UTRs. Twenty-four-hour muscle cultures
containing over 98% mononucleated cells were transfected with 2
mg DNA per dish, using standard calcium phosphate precipitation
methods (Schultheiss et al., 1990; Hijikata et al., 1997). Cultures
were incubated for 12 h in the presence of the calcium phosphate
precipitate and then washed with serum-free medium and main-
tained up to 14 days in standard medium.
RESULTS
Gross Distribution of S-a-actinin/MYC in Cultures
of Different Ages
To determine whether the four expressed s-a-actinin/
MYC peptides had the predicted MWs, Western blots were
prepared from transfected and untransfected day 6 cultures.
The expressed s-a-actinin peptides were visualized with a
MAb against the 11-aa MYC tag. As shown in Fig. 2, each of
the different MYC-tagged molecules was of the size pre-
dicted by its cDNA and similar to its counterpart expressed
in PtK2 cells (see Fig. 2 in Hijikata et al., 1997). As judged by
immunocytochemical images, over 99% of the MYC-tagged
molecules in day 6 transfected cultures were confined to
myotubes and postmitotic myoblasts. If the s-a-actinin/
MYC peptides synthesized in myogenic cells were subject
to posttranslational modifications different from those in
PtK2 cells, then more refined methods will be required for
their detection.
In day 2 cultures over 90% of the cells exposed to the
s-a-actinin/MYC cDNAs were cycling mononucleated cells
negative for all myofibrillar proteins (for details see Dienst-
man and Holtzer, 1975; Lin et al., 1994). Of the 1–2 3 106
mononucleated cells in day 3 cultures (i.e., 24 h posttrans-
fection) 2–15% were MYC positive. The percentage of
MYC-positive cells in the MYC/FL and MYC/A2 cultures
varied from 5 to 15%, whereas those in the MYC/A1 and
MYC/EFT2 cultures ranged from 2 to 15%. In all cultures
many cells, both untransfected and transfected, replicated
during the next 24–48 h. The number of MYC-positive
mononucleated cells diminished rapidly between days 4
and 5. This diminution was due in part to the death of
overexpressing mononucleated cells (Figs. 3A–3C) and in
part to the fusion of sublethally transfected myoblasts into
myotubes. Moribund mononucleated cells with bizarre
morphologies, diffuse intensely fluorescent MYC-positive
cytoplasm, and pycnotic and/or lobulated nuclei, common
in early cultures, were rare in older cultures (Figs. 5 and 6).
These dying cells were reminiscent of those described by
Schultheiss et al. (1992) and Hijikata et al. (1997) in
similarly transfected PtK2 cells. Inversely, as the number of
MYC-positive mononucleated cells dwindled, the number
of myotubes that displayed s-a-actinin/MYC structures
gradually increased from approximately 5% in day 3 to over
30% in day 6 cultures (Figs. 3 and 6) and to over 60% in
some day 14 cultures. At no time did MYC-positive pep-
tides accumulate diffusely in the sarcoplasm of expressing
myotubes nor was there any suggestion of a dominant-
negative effect leading to the disassembly of the myofibrils.
Despite the cytotoxic effects of the four MYC peptides in
mononucleated cells, the total number of myotubes in day
6 and older transfected cultures was not obviously different
from that in untransfected controls. Roughly, the 2–4 3 106
nuclei/dish were in myotubes, the other half in mononucle-
ated fibroblasts or replicating presumptive myoblasts. In
these cultures, it was difficult to distinguish between the
latter two phenotypes. The 6–9 3 103 myotubes/dish
ranged from several hundred micrometers to over 2.0 mm
in length, harbored 10–100 nuclei, and were packed with
varying numbers of SMFs, consisting of I-Z-I brushes alter-
nating with 1.6-mm-wide A bands. The I-Z-I bodies in the
growth tips of these myotubes will be discussed elsewhere.
In day 8 and older cultures, the incorporation of MYC
peptides affected the myotubes in unexpected ways and will
be described below.
FIG. 2. Western blots demonstrating the respective MWs of the four
different s-a-actinin/MYC peptides expressed in transfected day 6
cultures. The cultures were rinsed twice with PBS and extracted for 20
min with cytoskeleton stabilization buffer (0.5% Triton X-100, 300
mM sucrose, 2 mM MgCl2, 100 mM KCl, 1 mM EGTA, 10 mM Pipes,
pH 6.8, 10 mg/ml leupeptin, 10 mg/ml aprotinin, and 1 mM PMSF).
Triton-insoluble fractions were scraped into Laemmli sample buffer
and sonicated. The lysates were separated on 10% SDS–poly-
acrylamide gel and electrophoretically transferred to a PVDF mem-
brane. The blot was blocked with 5% nonfat milk in Tris-buffered
saline containing 0.1% Tween 20 at room temperature, then reacted
with anti-MYC (MAb 9E10) followed by an HRP-labeled anti-mouse
secondary. The reaction was developed using an enhanced chemilu-
minescence Western blotting reagent (Amersham) and exposed to
Kodak XAR-5 film. MYC/A1 is from the same gel, but from a shorter
exposure. Although each lane was loaded at equal protein concentra-
tions, the densities of the respective bands cannot be compared due to
the different transfection efficiencies of the different constructs.
294 Lin et al.
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
All Four S-a-actinin/MYC Peptides Were Promptly
and Specifically Targeted to Z Bands in Myotubes
with Mature SMFs
Figures 7A–10C document: (1) the validity of using
anti-MYC to localize extremely minute quantities of
s-a-actinin/MYC and (2) that all four MYC peptides were
specifically and uniquely incorporated into Z bands. The
localization of MYC/FL is shown in Fig. 7A, of MYC/A2
in Fig. 8A, of MYC/EFT2 in Fig. 9A, and of MYC/A1 in
Fig. 10A. Each MYC-positive Z band is a chimeric struc-
FIGS. 3–6. Triple-stained micrographs of the same microscopic fields illustrating MYC-positive (3A, 4A, 5A, and 6A) and troponin-I-positive
and troponin-I-negative (3B, 4B, 5B, and 6B) cells. 3C, 4C, 5C, and 6C illustrate the corresponding DAPI-positive nuclei. 3A–3C show a
MYC/FL-transfected late telephase cell in a day 4 (i.e., 48 h posttransfection) culture. The arrows point to MYC-positive, troponin-I-negative
nascent sister cells. It is not clear whether this dividing cell is a precursor myogenic cell or a fibroblast. Most frequently cells with MYC-positive
aggregates also displayed pycnotic nuclei. Sublethally transfected interphase and mitotic cells were less fluorescent, and lacked MYC-positive
aggregates (Schultheiss et al., 1992; Hijikata et al., 1997). The asterisks mark immature myotubes rich in nonstriated, troponin-I-positive
myofibrils. The large oval nuclei in 3C most probably are fibroblast nuclei. 4A and 5A are of mononucleated cells expressing MYC/EFT2 and
MYC/A1, respectively. Both are troponin I negative. Note the fragmented nucleus in 5C. 6A and 6B show a field of a day 5 culture expressing
MYC/A2. 6A shows a relatively rare MYC-positive, troponin-I-negative mononucleated cell plus a transfected myotube. In addition to the two
transfected cells, there are two untransfected, troponin-I-positive myotubes (asterisks). Note that, as in PtK2 cells (Hijikata et al., 1997),
MYC/EFT2 (4A) and MYC/A2 (6A) target to the ruffled membranes of mononucleated cells in these cultures as well. Bars, 15 mm.
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FIG. 7. Low-power micrographs of a triple-stained day 4 culture transfected with MYC/FL. A demonstrates the localization of anti-MYC,
B of Rho-phalloidin, and C of DAPI. Except for the precursor I-Z-I bodies in the splayed growth tip (arrow at left), the anti-MYC targets
exclusively to the morphologically mature Z bands in both expressing myotubes. At this stage of maturation the polarized thin filaments
(B) have yet to achieve their definitive 1.0 mm length—a condition characteristic of untransfected myotubes as well (Shimada and Obinata,
1977; Antin et al., 1986; Lin et al., 1994; Gregorio and Fowler, 1996). The nuclei in myotubes are rounder and, in the z axis, thicker than
the oval-shaped nuclei in the surrounding fibroblasts and presumptive myoblasts (C). Note the prominent stress fibers and huge ruffled
membranes in the mononucleated cells (B). Arrow at right (C) points to an untransfected cell in metaphase.
FIG. 8. Low power micrograph of a triple-stained day 6 culture transfected with MYC/A2. A reveals the localization of anti-MYC, B of
Rho-phalloidin, and C of DAPI. There are two broad and one narrow (arrows) transfected myotubes in this microscopic field. Myotube
nucleus (right upper arrow) in C partially overlapped by an oval nucleus of a fibroblast or presumptive myoblast. Lower right arrow in B
points to the cytoplasmic MYC-positive, and in C the nuclear DAPI-positive, debris of a transfected mononucleated cell. Lower left arrow
points to an untransfected moribund cell.
FIG. 9. Intermediate magnification of a triple-stained day 7 culture transfected with MYC/EFT2 cDNA showing one transfected and two
untransfected (arrows) myotubes. A shows the localization of anti-MYC and B of anti-nebulin. Each Z band in the transfected myotube was
stained by both antibodies. At this stage of maturation the MYC/EFT2-positive Z bands are morphologically indistinguishable from those
in untransfected myotubes (see below). Bar, 10 mm.
FIG. 10. Intermediate magnification of a triple-stained day 6 culture transfected with MYC/A1 cDNA. While the Z bands in both
juxtaposed myotubes stained with the affinity-purified polyclonal anti-s-a-actinin (B), only the Z bands in the myotube expressing MYC/A1
stained with both MAb anti-MYC (A) and polyclonal anti-s-a-actinin (B), demonstrating the presence of both exogenous and wild-type
molecules in these Z bands. Bars, Fig. 7, 15 mm; Fig. 8, 30 mm; Figs. 9 and 10, 10 mm.
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ture, positive for endogenous s-a-actinin as well as exog-
enous s-a-actinin/MYC (e.g., Figs. 10A and 10B). In no
detail that we could detect did the localization of the four
MYC peptides into the maturing Z bands of day 3–7
myotubes differ from one another or from that of the
endogenous s-a-actinin in Z bands of untransfected myo-
tubes as visualized by staining with anti-s-a-actinin (Lin
et al., 1989a,b).
Given their intact domains for both actin-binding and
spectrin-repeat dimerization, as well as their localization to
the dense bodies in stress fibers in Ptk2 cells, the localiza-
tion of both MYC/FL and MYC/EFT2 to Z bands was
anticipated. The finding, however, that MYC/A2 was also
selectively incorporated into Z bands was unexpected. The
localization of MYC/A2 was not consistent with either the
in vitro binding studies or the observations in transfected
PtK2 cells in which MYC/A2 was not incorporated into any
stress fiber structure, but accumulated diffusely throughout
the cytoplasm (see Figs. 10 and 11 in Hijikata et al., 1997).
Likewise the behavior of MYC/A1 in myotubes was also at
variance with both in vitro binding and in vivo localization
in PtK2 cells. The conclusions from in vitro studies were
that the anti-parallel arrangement of the a-actinin dimers
should result in binding all along the F-actin complexes.
Furthermore, in PtK2 cells, MYC/A1 did in fact bind
continuously as irregular aggregates along the length of the
stress fibers, with no indication of any reaction with the
periodic dense bodies (see Figs. 8 and 9 in Hijikata et al.,
1997). Accordingly the finding that MYC/A1 not only did
not bind continuously as aggregates along the length of the
1.0-mm-long actin-containing filaments, but targeted to Z
bands was also surprising.
These findings are summarized in Table 1. Together they
suggest that in myotubes there are controls that target
nascent s-a-actinin/MYC peptides that (1) are superim-
posed on the mechanisms elucidated by binding studies in
cell free systems and (2) are different from those operating
in PtK2 cells.
Incorporation of the Four MYC Peptides Does Not
Alter the Distribution of the Other Integral
Z-Band Proteins
Figures 11A–14B extend the above findings and show
that: (1) the incorporation of the four MYC peptides into the
finest of recognizable Z bands does not interfere with the
appropriate distribution of other molecules comprising the
I-Z-I brushes and (2) the earliest detectable MYC-positive Z
bands are already multiprotein complexes similar to those
observed in mature SMFs. Figures 11A and 11B illustrate
the distribution of antibodies to MYC and titin T11 in a day
6 myotube expressing MYC/EFT2. Figures 12A and 12B, on
the other hand, illustrate the distribution of antibodies to
MYC and titin T20 in a day 6 myotube expressing MYC/
A1. The localizations of anti-titin T11 to a doublet around
the Z band and of anti-titin T20 precisely to the Z band are
identical to their respective localizations in untransfected,
mature I-Z-I brushes (Fu¨rst et al., 1989; Schultheiss et al.,
1990; Handel et al., 1991; Komiyama et al., 1993). Note too
in Figs. 11 and 12: (1) the width of the ultimate sarcomere
(e.g., ;2.0 mm wide) at the terminus of each SMF is similar
to that of all proximal sarcomeres, as well as to those in
adult SMFs, and (2) the dimension of the ultimate Z band,
or ‘‘dot’’ (;100 mm), is also identical to that of mature Z
bands wherever found.
Figures 13A–14B demonstrate that the distribution of
s-a-actin (Fig. 13B) and nebulin (Fig. 14B) in day 7 myotubes
was also unaffected by the incorporation of either MYC/A2
(Fig. 13A) or MYC/A1 (Fig. 14A). Similar results were
obtained with MYC/FL (not shown). The localizations of
s-a-actin and nebulin in the I-Z-I brushes of the transfected
myotubes were also identical to those of their counterparts
in untransfected myotubes (Lin et al., 1987; Schultheiss et
al., 1990; Lu et al., 1992; Komiyama et al., 1992; Moncman
and Wang, 1996) and in adult muscle. Transfected myo-
tubes stained with anti-tropomyosin were essentially indis-
tinguishable from those stained with anti-s-a-actin, anti-
cardiac-a-actin, and anti-troponin-I (see below).
TABLE 1
Localization in myotubes suggested
by in vitro studies
Documented localization
in PtK2 cells
Documented localization
in maturing myotubes
MYC/FL Z bands Dense bodiesa Z bandsb
MYC/EFT2 Z bands Hypertrophied dense bodiesa Hypertrophied Z bandsc
MYC/A2 Diffuse, sarcoplasmic Diffuse, cytoplasmica Z bandsb
MYC/A1 Continuously along F-actin filaments Continuously along F-actin filamentsa Z bandsb
Note. The extrapolation from in vitro binding studies to the localization of the s-a-actinin/MYC peptides in myotubes rests on the
assumptions that targeting to Z bands requires both intact actin-binding domains and anti-parallel dimerization (Minura and Asano, 1987;
Jackson et al., 1980; Blanchard et al., 1989; Waites et al., 1992; Kuhlman et al., 1992).
a In addition, the MYC peptides were both dominant negative, disassembling stress fibers, as well as cytotoxic (e.g., pycnotic nuclei)
within 48–96 h posttransfection (Hijikata et al., 1997).
b These MYC peptides were neither dominant negative regarding the integrity of myofibrils nor cytotoxic even in day 14 myotubes.
c This MYC peptide was dominant negative but not cytotoxic in older myotubes (e.g. did not induce pycnotic nuclei.).
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FIG. 11. High magnification of a lateral extension of a day 6 myotube expressing MYC/EFT2 double-stained with anti-MYC (A) and anti-titin
T11 (B). Note that each MYC-positive Z band is flanked by typical titin T11 doublets. As elongation of individual SMFs occurs exclusively at their
distal tips (Dienstman and Holtzer, 1975), the terminal I-Z-I brushes were the last to be assembled. The distal tips of the three longest SMFs in
this extension are numbered. With the exception of the ultimate MYC-positive ‘‘dot’’ in myofibril 1, every MYC-positive Z band in this field,
without exception, is flanked by normal titin T11 doublets. It is unclear whether this very rare apparent exception is due to focusing, density,
or inaccessibility of titin T11 epitopes (see Schultheiss et al., 1990 for similar findings in cultured cardiomyocytes).
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Figures 7–14 demonstrate that myotube size per se is not
critical for the assembly and maturation of invariant I-Z-I
brushes in a given myofibril. More important, in all probabil-
ity, is the simultaneous presence in submicroscopic domains
of the different nascent proteins at appropriate critical concen-
trations and stoichiometries. Note in Figs. 7–14 the absence of
diffuse cytoplasmic staining in any of the transfected myo-
tubes. If there is a pool of s-a-actinin/MYC monomers or
dimers, it must have been extracted in preparing the myo-
tubes for microscopy. Without exception every MYC-positive
Z band was also positive for endogenous s-a-actinin, titin, and
nebulin. Conversely, in these regions structures positive for
titin, nebulin, or s-a-actinin were never negative for the
expressed s-a-actinin/MYC peptide. The absence of deformed
MYC-positive structures that might signify a dominant-
negative or anti-morphic effect suggests that, at this stage of
maturation, the four nascent MYC peptides are processed by,
and subject to, the same controls that regulate the targeting
and incorporation of endogenous nascent s-a-actinin mol-
ecules. It is also to be emphasized that the obvious cytoplas-
mic and/or nuclear cytotoxic effects of the MYC peptides in
PtK2 cells and the mononucleated cells in the myogenic
cultures (Figs. 3 and 5) were not observed in transfected
myotubes. Evidently early maturing myotubes are more suc-
cessful in coping with the expressed s-a-actinin/MYC pep-
tides than are mononucleated myogenic cells, fibroblasts, and
PtK2 cells. Last, it would be of interest to determine how
many exogenous MYC-tagged molecules, as well as wild-type
s-a-actinin, titin, and nebulin molecules, are packed into the
MYC-positive dots illustrated in Figs. 11–14.
Nuclear Territories and the Progressive Spread
of MYC-Positive Z Bands
Images in Figs. 7–14 of uniformly fluorescent Z bands
extending continuously throughout the body of a given
transfected myotube were typical for roughly 60% of day 4
and older myotubes. In the remaining transfected myotubes
stretches of MYC-positive Z bands alternate with stretches
of MYC-negative Z bands, despite the physical continuity
of the SMFs throughout the body of the myotube. In all
respects the sarcomeres in the MYC-negative stretches
were identical to those in the MYC-positive stretches.
Figures 15A–19B illustrate such discontinuities in the dis-
tribution of MYC-positive Z bands in day 5–9 transfected
myotubes. Stretches of MYC-negative Z bands tended to be
longer and more frequent in younger myotubes and were
generally absent in day 10 and older myotubes. There was
no obvious correlation between the length or frequency of
clusters of MYC-positive Z bands and the expression of the
different s-a-actinin/MYC peptides. Clusters of fewer than
10–20 consecutive MYC-positive Z bands were not ob-
served. In no instance were 1 or 2 MYC-negative Z bands
seen within a MYC-positive cluster. Conversely, within a
MYC-negative cluster 1 or 2 MYC-positive Z bands were
not observed. At least one nucleus was associated with each
MYC-positive cluster. In some instances the consecutive
MYC-positive Z bands extended over 300 mm on either side
of a single nucleus, or ;600 mm for its full domain. Within
the major portion of each cluster the individual Z bands
were of equal fluorescent intensity. At the transition zone
between MYC-positive and MYC-negative regions there
was a gradient in the intensity of fluorescence involving
10–30 consecutive MYC-positive Z bands. Although the
fluorescent intensity of the individual MYC-positive Z
bands in this zone progressively diminished, the width of
the individual Z bands remained constant. Apparently the
ratio of exogenous to endogenous s-a-actinin can vary
considerably without affecting the invariant 100-nm width
of the individual Z bands. The images in Figs. 15A–19B are
consistent with the notions that (a) some gene product
originating within the domain of a nucleus from a trans-
fected myoblast translocates longitudinally within myo-
tubes and (b) at all times local controls operate so that the
overall incorporation of both exogenous and endogenous
s-a-actinin peptides maintains the precise width and gross
morphology of each Z band.
Induction of Hypertrophied Z Bands in Day 8
and Older MYC/EFT2 Myotubes
In contrast to their similar behavior in early myotubes,
the behavior of the different MYC peptides, particularly the
MYC/EFT2, gradually diverged in older myotubes. No
FIG. 12. A day 6 MYC/A1 myotube double-stained with anti-MYC (A) and anti-titin T20 (B). Remnants of the precursor I-Z-I bodies are
indicated by asterisks. In EM sections the distal sarcomeres display the characteristic interdigitation of 1.6-mm-long thick and 1.0-mm-long
polarized thin filaments, in addition to the incipient square lattice arrangement of mature Z bands (to be published elsewhere). Arrows and
numbers are for orientation.
FIG. 13. High magnification of two day 7 myotubes expressing MYC/A2. They have been double-stained with anti-MYC (A) and
anti-s-a-actin (B). For reasons not understood the anti-s-a-actin often does not stain the F-actin core of mature Z bands (see Lin et al., 1987).
Lower arrow points to expected ;2.0-mm periodicity of mature Z bands. The same myofibril, however, double-stained with anti-s-a-actin
still appears nonstriated as in B. Similar patterns are obtained with anti-cardiac-s-a-actin and with anti-tropomyosin but with a higher noise
to signal ratio.
FIG. 14. High magnification of day 7 culture transfected with MYC/A1 and double-stained with anti-MYC (A) and anti-nebulin (B). Each
MYC-positive Z band is also nebulin positive. Note that the most distal MYC-positive dot reveals the same relationship with nebulin as
that found in all adult Z bands. The distal tips of the numbered myofibrils show late stages of I-Z-I bodies in the process of transforming
into I-Z-I brushes. Bars, 5 mm.
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differences in the structure of the Z bands were observed
between day 3–7 myotubes and day 12–14 myotubes ex-
pressing MYC/FL. Moreover the spontaneous contractions
that appeared in the younger myotubes were also observed
in older MYC/FL myotubes.
In contrast, in day 8–9 MYC/EFT2 myotubes clusters of
5–10 consecutive MYC-positive Z bands began to enlarge.
By day 11–13 many of these exceeded 2.0 mm in width, or
roughly 203 that of normal Z bands. Spontaneous contrac-
tions were very rare in these older MYC/EFT2 myotubes.
Hypertrophied Z bands were not observed at any stage in
MYC/FL, MYC/A1, or MYC/A2 myotubes. Stages in their
formation are illustrated in Figs. 20A–24B. One or two
normal-sized Z bands were not observed within a given
hypertrophying cluster in which each Z bands was of a
relatively constant width. At the transition zone between a
cluster of hypertrophying Z bands and distal normal Z
bands, again, there was a gradient. This gradient, however,
consisted of Z bands of successively different widths. In the
more advanced stages (Figs. 21A–24B), the nemaline-like
bodies lost their transverse orientation and rectangular
conformation and became convoluted and fragmented. By
day 12–14 many of these myotubes detached from the
substrate. In the confocal microscope untransfected myo-
tubes measured up to 12 mm in the z axis, whereas the
convoluted MYC/EFT2 myotubes measured up to 26 mm in
the z axis. These hypertrophied Z bands were similar
morphologically to the nemaline-like bodies found in pa-
tients with inheritable muscular dystrophy or in over-
stressed muscles (Engel and Gomez, 1967; Goldstein et al.,
1980; Morris et al., 1990).
Double-staining of the nemaline-like bodies revealed them
to be positive for (a) wild-type s-a-actinin (Fig. 20B), (b) c- and
s-a-actin (not shown), (c) nebulin (Fig. 21B), and (d) titin (Fig.
22B). They also stained with Rho-phalloidin (not shown).
Owing to the limited resolution of the fluorescence and
confocal microscopes, it was not possible to determine
whether all, or only a subset, of these proteins extended
continuously throughout the hypertrophied structures. Occa-
sional nemaline-like bodies appeared to have a nonfluorescent
core, particularly when decorated with antibodies to c- or
s-actin and phalloidin. Whether this was a staining artifact
(e.g., failure of antibodies to penetrate or to self-absorption
within intensely fluorescent structures) or due to nonspecific,
secondary degenerative changes remains to be determined.
Similarly, whether antibodies to titin T12 localized in, or just
lateral to, the nemaline-like bodies requires further work. In
other experiments, however, double-staining with anti-MYC
and antibodies to troponin-I (Fig. 23B), tropomyosin (Fig. 24B),
and titin T11 (see Fig. 7 in Schultheiss et al., 1990) primarily
revealed complementary rather than coincident fluorescent
bands.
Figures 25 and 26 are EM sections through a day 7 and a
day 9 transfected myotube expressing MYC/EFT2. Despite
the greater than 10-fold enlargement of the Z bands, their
transverse orientation, as well as the longitudinal orienta-
tion of the associated interdigitating thick and thin fila-
ments, often remains relatively normal (Fig. 25). It is not
clear whether the earliest stages of Z-band enlargement
involve extension into the adjacent I bands or whether the
expanding Z bands merely displace the adjacent thick and
thin filaments from their longitudinal to a more transverse
orientation (Fig. 26). Subsequently, however, the thin fila-
ments appear to be diminished in length and number. The
topological relationships of the I-band and Z-band mol-
ecules in these induced nemaline-like bodies will require
critical immunoelectron microscopy.
Maturation-Dependent Functional Anomalies
in MYC/A1 and MYC/A2 Myofibrils
Spontaneous contractions first appear in day 3–4 untrans-
fected and transfected cultures. While clusters of contrac-
tion bands appeared in all four types of transfected myo-
FIG. 15. Two double-stained day 5 myotubes, only one of which has been transfected with MYC/EFT2 cDNA. A reveals the localization
of anti-MYC, B the localization of anti-nebulin. In morphological details the MYC-positive, chimeric Z bands in the region expressing
MYC/EFT2 (arrow) are indistinguishable from Z bands in regions in the same myotube that have not yet incorporated the MYC peptides.
Note the 12–15 MYC-positive Z bands that exhibit a fluorescence gradient at the transition zone where they merge with the MYC-negative
Z bands. Asterisks mark the adjacent untransfected myotube.
FIG. 16. Double-stained day 7 culture transfected with MYC/A1 cDNA. A shows the localization of anti-MYC, B of column-purified
anti-s-a-actinin. Note in the single transfected myotube (A) the fluorescent gradient of 15–20 MYC-positive Z bands between the region
expressing and the region not expressing MYC/A1. Asterisks mark three untransfected myotubes displaying normal s-a-actinin-positive Z bands.
FIG. 17. Double-stained day 6 culture transfected with MYC/A2 cDNA. A shows the localization of anti-MYC, B of anti-troponin-I. There
are a total of eight troponin-I-positive myotubes (B) of different sizes and stages of maturation in this field. Two of these are transfected
(arrows). Note the two transition zones at the lateral edges of consecutive MYC/A2-positive Z bands (A). For reasons not understood, often
the background fluorescence is higher in the anti-troponin-I preparations compared with other antibodies. This fluorescent glare with
anti-troponin-I is observed in both transfected and untransfected myotubes.
FIG. 18. A day 7 culture expressing MYC/FL and double-stained with anti-MYC (A) and anti-troponin-I (B). Of the three myotubes in this
microscopic field one is untransfected. In addition to the problem of glare, the transfected myotube at the top and the untransfected
myotube at the right (B) are out of focus.
FIG. 19. A day 8 culture illustrating a region where two relatively sizeable myotubes had fused 2 or 3 days earlier. The culture was
transfected with MYC/A2 cDNA and double-stained with anti-MYC (A) and anti-troponin-I (B). The fluorescent gradients of the
MYC-positive Z bands in the transition zones in the two branches are indicated by arrows. Bars, 15 mm.
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tubes, there nevertheless was a consistent difference among
the different types of cultures in their frequency and par-
ticularly in the time of their first appearance. A contraction
band consists of 10–30 MYC-positive Z bands with a
periodicity of less than 1.8 mm. Figures 27–31 illustrate
typical contraction bands. Within each cluster, the Z bands
retained their normal 100-nm width, although often their
orientation with respect to the long axis of the myotube
was distorted. Less than 10% of day 6 and older MYC/FL
myotubes displayed contraction bands (Fig. 27), a figure that
is similar to that observed in untransfected day 14 control
cultures stained with anti-s-a-actinin. Contrastingly, con-
traction bands were evident in 60–70% of day 8 and older
MYC/EFT2 myotubes; as a consequence most MYC/EFT2
myotubes displayed clusters of both hypertrophied Z bands
and hypercontracted sarcomeres. It was not until day 9–10
that over half the MYC/A1 and MYC/A2 myotubes dis-
played comparable numbers of contraction bands (Figs.
29–31). Myotubes with contraction bands slowly retracted
and often detached from the substrate. In brief, while not
altering the morphological integrity of the MYC-positive Z
bands, both MYC/A1 and MYC/A2 somehow adversely
affected contraction and/or relaxation of the mature SMFs.
This in turn led to the detachment from the substrate and
subsequent degeneration of the affected myotubes. There
was no suggestion in the MYC/A1, or MYC/A2 myotubes
of a dominant-negative effect with respect to the morphol-
ogy of the maturing Z bands nor a generalized cytotoxic
effect involving degenerating nuclei or diffuse sarcoplasmic
accumulation of the MYC peptides.
Myotubes with either contraction bands or nemaline-like
bodies are readily identified in living cells under the phase
microscope. Accordingly, to determine whether the MYC
tag by itself induced either condition, cultures were trans-
fected with the same four constructs which lacked the
MYC tag. Living myotubes expressing FL evidenced few
contraction bands and no nemaline-like bodies. The major-
ity of day 9 and older MYC/A1 and MYC/A2 myotubes
displayed contraction bands. Only the living myotubes
transfected with EFT-cDNA were positive for nemaline-
like bodies as well as contraction bands.
DISCUSSION
All four exogenous s-a-actinin/MYC peptides were cyto-
toxic in mononucleated cells in the myogenic cultures, as
they had been shown to be in cultures of PtK2 cells
(Hijikata et al., 1997). While in both types of cultures the
number of moribund cells peaked around 72–96 h posttrans-
fection, nevertheless many MYC-positive cells were also
observed in various stages of mitosis. The continuous
increase in numbers of MYC-positive myotubes between
days 3 and 8 probably resulted from the replication of
sublethally transfected myogenic cells and the subsequent
fusion of their postmitotic progeny with untransfected
myoblasts and/or myotubes. Presumably the transfected
myoblasts that fused did so prior to accumulating a lethal
dose of MYC-positive peptides. Why the four MYC-positive
peptides were not similarly cytotoxic in myotubes is un-
clear (see also Wolff et al., 1991, 1992; Kitsis et al., 1991;
Dhawan et al., 1991).
The spread of the s-a-actinin/MYC peptides following
fusion demonstrates the extent of a given nuclear domain
and the considerable translocation of sizable molecules
within a myotube. The notion that nuclear domains regu-
late the local synthesis and incorporation of AchR into the
sarcolemma in the vicinity of neuromuscle junctions is
well documented (Merlie and Sanes, 1985; Fontain et al.,
1988). In these and related experiments (Pavlath et al., 1989)
the longitudinal spread of gene products from a single
nuclear domain in maturing myotubes has been demon-
strated. Ralston and Hall (1992) have reported on the
distribution of three nonmuscle mRNAs transcribed from a
single transfected nucleus in C2 myotubes. The proteins
they followed were (a) a nuclear b-galactosidase, (b) a
cytoplasmic b-galactosidase, and (c) k light chains. The
nuclear marker and the k light chains were confined to
within 250 mm of the expressing nucleus, whereas the
cytoplasmic marker diffused throughout the length of the
myotube. Apparently the extent of translocation within
myotubes of nontargeted molecules such as b-galactosidase
and that of the targeted four MYC peptides is not greatly
different, although this may be true only if expression levels
of the targeted proteins do not exceed the number of Z-band
binding sites. These findings also suggest that the controls
which regulate the assembly and maintenance of maturing
Z bands, at least in early myotubes, do not discriminate
between endogenous and exogenous s-a-actinin/MYC mol-
ecules. It will be interesting to determine whether there are
common sequences in the endogenous and exogenous s-a-
actinin mRNAs that might function as zipcodes, such as
was suggested for targeting b-actin in fibroblasts and nerve
cells (reviewed in Singer and Greed, 1997).
The demonstration that the incorporation of MYC/EFT2
induced Z-band hypertrophy followed by fragmentation of
FIG. 20–24. Micrographs illustrating the nemaline-like bodies induced in day 7 and older cultures expressing MYC/EFT2. The cultures
were double-stained with anti-MYC (20A, 21A, 22A, 23A, and 24A) and antibodies to wild-type s-a-actinin (20B), nebulin (21B), titin T20
(22B), troponin-I (23B), and tropomyosin (24B). Antibodies to s-a-actinin, nebulin, and titin T20 costain with anti-MYC. In contrast, the
positive bands that stain with anti-troponin-I (23B) or with anti-tropomyosin (24B) flank enlarged MYC-positive structures. Arrows in 20A
and 20B mark incipient hypertrophying Z bands. Long arrow in 20B points to an out-of-focus untransfected, elongated, incipiently striated
postmitotic myoblast. Asterisks in these panels mark out-of-focus untransfected myotubes. Regions with convoluted SMFs lose contact
with the substrate and shortly detach. Bars, 10 mm.
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the myofibrils paralleled the results of its transfection into
PtK2 cells in which MYC/EFT2 induced hypertrophy of the
dense bodies and subsequent breakdown of the stress fibers
(Schultheiss et al., 1992; Hijikata et al., 1997). These
observations extend the notion that long a-actinin/F-actin-
containing structures in nonmuscle and muscle cells share
some fundamental assembly/disassembly features (Lazar-
ides and Burridge, 1975; Kreis and Birchmeier, 1980; Lin et
al., 1989a,b). The results in muscle suggest that either the
EF-hands or the C-terminal titin-binding domain (Sorima-
chi et al., 1997) inhibit in some way the longitudinal
distribution of s-a-actinin along the thin filaments, thus
FIGS. 25 and 26. EM sections through a day 7 (25) and day 9 (26) myotube expressing MYC/EFT2. Arrows in 25 point to relatively normal
M bands. 26 is a section through a more contorted SMF, revealing disoriented arrays of the nemaline-like bodies and their associated
displaced thick and thin filaments. It is our impression that, in addition to their disturbed orientation, there is an actual loss in the number
of thin filaments relative to the number of thick filaments. Bars, 1 mm.
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maintaining the constant ;100-nm width of the periodic Z
bands. For instance the presence of excess EFT domains
could weaken the binding of the dimer to s-a-actin so that
the former does not out-compete tropomyosin in binding to
actin. This view predicts that if the binding of tropomyosin
to s-a-actin were weakened, the wild-type s-a-actinin might
be able to expand its Z-band territory. Nemaline myopathy,
characterized by hypertrophied Z bands, has been linked to
mutations in tropomyosin (Laing et al., 1995). Perhaps
these mutations allow s-a-actinin to out-compete tropo-
myosin, analogous to the reaction postulated for cultures
transfected with the MYC/EFT2. In recent experiments we
found that a truncated MYC peptide lacking only the
C-terminal 80-aa titin-binding site, does not induce Z-band
hypertrophy nor the fragmentation of the myofibrils in
older myotubes. These findings suggest that it is not the
absence of the titin-binding site, but the absence of the
EF-hands that induces the nemaline-like bodies. Interest-
ingly, the expression of just the C-terminal 80-aa titin-
binding site of s-a-actinin is so cytotoxic that few of the
transfected mononucleated cells survive to fuse into myo-
tubes (Z. Zhang et al., unpublished data).
Given the analogous behavior of MYC/FL and MYC/
EFT2 in the early stages of transfection in both PtK2 cells
and myotubes, one might anticipate that the behavior of
MYC/A1 and MYC/A2 in the two phenotypes would also
be similar. This is not the case. For example, in PtK2 cells
(1) MYC/A1 did not bind to dense bodies but was incorpo-
rated continuously along the F-actin filaments in only a
subset of stress fibers, whereas (2) MYC/A2 was not incor-
porated into stress fibers, but accumulated diffusely in the
cytoplasm. This contrasts with the identical behavior of
MYC/A1 and MYC/A2 in myotubes, wherein, like
MYC/FL and MYC/EFT2, they were incorporated into Z
bands exclusively. Determining the conditions controlling
the incorporation of s-a-actinin into the dense bodies of
stress fibers may or may not be pertinent in determining the
conditions controlling its incorporation into maturing Z
bands. Clearly the same proteins expressed in different
phenotypes lead to differential cellular impacts, depending
upon the other proteins with which it interacts in a given
cytoplasm. It will be of interest to determine whether
actin-binding domains from other proteins are also selec-
tively incorporated into maturing Z bands.
Microscopically, the MYC/FL-positive Z bands in day 14
myotubes were indistinguishable from Z bands in untrans-
fected myotubes. While the high frequency of contraction
bands and subsequent detachment from the substrate in
both MYC/A1 and MYC/A2 myotubes indicated some type
of functional pathology, it did not lead to morphologically
compromised Z bands. Nevertheless the cytopathology
could result from a submicroscopic weakening of the
Z-band structure. Thus the forces of the spontaneous con-
tractions that occur in these myotubes may pull thin
filaments out of the MYC/A1- or MYC/A2-positive Z
bands, resulting in supercontraction and the appearance of
contraction bands in the neighboring sarcomeres.
As an anti-parallel homodimer, s-a-actinin has been se-
lected for participation in a variety of functions generally
involving submembranous, actin-containing cytoskeletal
structures. Nevertheless there is evidence that a-actinin
can complex with proteins independently of its known
FIGS. 27–31. Anti-MYC-stained transfected myotubes illustrating contraction bands. 27 is of a MYC/FL day 5 myotube, whereas 28 and
29 are of day 7 and day 8 myotubes expressing MYC/EFT2 and MYC/A1, respectively. 30 and 31 illustrate contraction bands in a day 14
MYC/FL and a day 7 MYC/A2 myotube. Bars, 10 mm.
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actin-binding site. Evidence for this comes from transfec-
tion of Cos cells (Hemmings et al., 1992) and of PtK2 cells
(Hijikata et al., 1997) with a-actinin lacking actin-binding
sites. Both studies reported, as expected, that such peptides
were not incorporated into stress fibers. On the other hand,
despite the lack of actin-binding sites, the peptides were
incorporated into aberrant adhesion plaques in Cos cells
and into adherens junctions and ruffled membranes in PtK2
cells. Finding that MYC/A2 was selectively incorporated
into Z bands also demonstrates that normal targeting can
occur in the absence of its known actin-binding site. To
what degree the complexing of MYC/A2 into Z bands
might normally be independent of its known actin-binding
site or to what degree titin- or nebulin-binding domains
might compensate for its absence requires more experi-
ments. One potential candidate for an actin-independent
a-actinin receptor known to be located in the Z bands of
mature SMFs is PIP2. Binding to PIP2 is specific for the
muscle isoform and is so tight and stable as to remain
bound even after electrophoresis in SDS–polyacrylamide
gels (Fukami et al., 1992). Another possibility is that
nascent MYC/A2 might dimerize, by way of its spectrin-
like repeats, with endogenous wild-type s-a-actinin and
that it is the latter that correctly targets the heterodimer to
the Z band. Though plausible, experiments designed to
demonstrate this type of dimerization in PtK2 cells by
double transfection with MYC/FL cDNA and MYC/A2
cDNA were negative (Hijikata et al., 1997). Currently
nothing is known of where or when nascent s-a-actinin
monomers dimerize.
Z bands in all vertebrates are highly conserved in terms of
their proteins and ultrastructure, irrespective of slight dif-
ferences in width between fast and slow muscles. The fact
that titin isoforms exist in which there are variable num-
bers of a-actinin-binding domains (Sorimachi et al., 1997)
could provide part of a mechanism for determining Z-band
width. This overall conservation of structure must reflect
equally conserved regulatory mechanisms that govern
Z-band assembly. Initially, we assumed that: (1) there is an
invariant stoichiometry among the integral Z-band proteins
and (2) the introduction of any exogenous s-a-actinin would
disturb this equilibrium, collapse the Z bands, and lead to
the uncontrolled growth of bizarre ectopic s-a-actinin/
actin/titin/nebulin aggregates. Clearly these assumptions
were wrong. Chimeric MYC/FL-, MYC/A1-, and MYC/A2-
as well as early MYC/EFT2-positive Z bands were morpho-
logically indistinguishable from Z bands in untransfected
myotubes. Speculations that attempt to (a) account for the
absence of a dominant-negative effect on Z-band morphol-
ogy or (b) postulate a negative-feedback on the level of
endogenous s-a-actinin by the presence of exogenous MYC
peptides would be premature before determining the ratios
between the two in the four types of chimeric Z bands.
Nevertheless even in the absence of such quantitative data
it was obvious that the incorporation of MYC/FL and
MYC/EFT2 over time had qualitatively different effects
from those of MYC/A1 and MYC/A2. The benign effect of
MYC/FL even in day 14 myotubes suggests that the forced
expression of exogenous s-a-actinin per se is not destabiliz-
ing and that the eventual phenotypes induced by the other
constructs are specific to altered functional protein–protein
interactions. Even the hypertrophy induced by MYC/EFT2
cannot be likened to a simple dominant-negative effect that
leads to uncontrolled growth. While its incorporation
breached some constraints regulating the lateral growth of
individual Z bands, MYC/EFT2 did not lead to a process
that escaped all normal controls. An immunoelectron mi-
croscopic analysis to determine the length of the F-actin,
titin, and nebulin filaments within these hypertrophying Z
bands will be interesting. If titin and nebulin are seen to
extend throughout the nemaline-like bodies, would just
those titin N-terminal and nebulin C-terminal residues that
are normally confined to the Z bands be reiterated? Also,
given the proposal that nebulin functions as a molecular
ruler for determining the length of s-a-actin filaments
(Wang et al., 1996), do nebulin and actin maintain the same
spatial relationships within the hypertrophying Z bands as
those displayed in normal Z bands? Is it possible that a
single polarized s-a-actin filament extends throughout a
1.0-mm-wide half-I band plus a 2.0-mm-wide nemaline body
or that a single titin molecule extends throughout half a
sarcomere plus a 2.0-mm-wide nemaline-like body?
To understand both the initial assembly and the mainte-
nance of a multiprotein structure such as the I-Z-I brushes,
data from both binding studies in cell-free systems and the
localization of nascent I-Z-I proteins in transfected muscle
cells must be reconciled. To the degree that a multifunc-
tional protein such as s-a-actinin not only binds titin,
nebulin, and s-a-actin, but in addition possesses binding
domains for zyxin, b1 and b3 integrins, etc., its behavior in
(a) different phenotypes (e.g., PtK2 cells, fibroblasts, repli-
cating myogenic cells, myotubes) and (b) cell-free systems
might be expected to differ.
Finally, Figs. 13A and 13B make an unexpected contribu-
tion as how c- or s-a-actin might interact with other
integral Z-band proteins. Since antibodies to both isoforms
of a-actin fail to decorate those regions of the thin filaments
that (a) penetrate into the Z-band, and (b) overlap the thick
filaments, suggests that epitopes are inaccessible in these
regions (see also Lin, et al., 1989a). One candidate for
blocking the a-actin epitopes in the over lap region is the
MHC-cross bridges. Failure to stain Z-bands is clear. At
least three conditions could render the a-actin in Z-bands
inaccessible to their antibodies; (1) the presence of PIP2; (2)
complexes involving one or another of the known integral
Z-band proteins; or (3) a still unidentfied integral Z-band
protein (Bennett, et al., 1984; Goll, et al., 1991).
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